We report an improved subtractive cDNA cloning procedure, named "directional tag PCR subtraction," for isolating clones of mRNAs enriched in a target tissue compared to a second tissue, the driver. In this method, the target and driver are prepared from directional cDNA libraries constructed in different vectors, and the target cDNA contains tag sequences at both its 5' and 3' ends for PCR amplification.
This method avoids several limitations of previous subtraction procedures, and was demonstrated to be technically easy and efficient. Using the directional tag PCR subtraction and improved screening procedures, cDNA clones corresponding to mRNAs expressed in the striatum but not in the cerebellum of the rat brain were efficiently isolated, including mRNAs encoding calmodulin-dependent phosphodiesterase, a transcriptional regulatory protein, and several previously uncharacterized species. Our data suggest that approximately 1% of the striatal polyA+ RNA mass potentially encoding more than 300 distinct proteins corresponds to RNA species reduced in concentration or absent from the cerebellum, of which about one-third are expressed prominently only in the striatum. This unexpected finding suggests that the striatum has a unique biochemical character within the brain, and that characterization of these mRNAs will be important for understanding the biochemical basis of striatal function. [Key words: subtractive cDNA cloning, PCR, striatum, rat brain, gene expression, calmodulin-dependent phosphodiesterase, BTE-binding protein] cDNA cloning is a powerful technique for identifying and isolating mRNA molecules, and is the fundamental step for analysis of the primary structure of their encoded protein and subsequent functional studies. Several approaches have been used to isolate cDNA clones of differentially expressed mRNAs (reviewed by Travis et al., 1989b) . These approaches include differential screening (plus-minus screening), screening with a subtracted cDNA probe, and cloning of subtracted cDNA into a vector. However, generally speaking, isolation of clones of differentially expressed mRNAs is a formidable task, especially when the target mRNAs are expressed at low concentrations. Differential screening allows isolation only ofclones ofrelatively abundant (>0.06%) mRNAs (Dworkin and Dawid, 1980) . Screening subtracted cDNA libraries improves the efficiency of the isolation of differentially expressed clones; however, the construction of subtracted cDNA libraries has been difficult, even though several procedures have been reported (considered in detail in the Discussion).
We previously developed a powerful subtractive hybridization procedure that utilized cloned cDNA driver and hybridization in phenol emulsion (PERT) and allowed nearly quantitative isolation of clones of mRNAs of both high and low concentrations in the target tissue (Travis and Sutcliffe, 1988) . Despite several successful applications ofthis method (cf. Travis et al., 1989a; Watson et al., 1992) , our experience with it has been inconsistent. In different researchers' hands the outcomes have been variable, leading us to search for a more dependable methodology.
Here, we report an improved procedure for subtracted cDNA cloning. In this method, a subtracted cDNA library and subtracted cDNA probe are prepared by PCR from a specially designed cDNA target. We applied this approach effectively to isolate cDNA clones of mRNAs that are expressed in the striaturn but not in the cerebellum of the rat brain. Previous reports demonstrate that mRNAs differentially expressed among the brain regions are only rarely encountered (Travis et al., 1987) . However, we easily isolated clones of striatum-enriched mRNAs in higher proportion than that previously supposed, using the new subtraction method and improved screening and selection procedures. Because of the conceptual and experimental simplicity of the method, the commercial availability of all of the reagents required for its application, its relatively low consumption of radioactive compounds, the ease with which its step can be monitored, and the unexpectedly large number of experimentally confirmed, differentially expressed mRNAs it has identified, we are enthusiastic about its general utility and portability to other laboratories.
Materials and Methods
Preparation qf RNA. Total RNA was isolated from dissected tissue of adult Sprague-Dawley rats by the acid guanidinium thiocyanate-phenolchloroform exttaction method (Chomczynski et al., 1987) or extraction with guanidinium isothiocyanate followed by centrifugation with cesium chloride solutions (Sambrook et al., 1989) . PolyA+ RNAs were purified by oligo(dT) cellulose column chromatography using the standard procedure (Sambrook et al., 1989 poIyA-enriched RNA using the Timesaver cDNA Synthesis Kit and Directional cloning toolbox (Pharmacia, Piscataway, NJ) according to the manual of the vender. Briefly, double-stranded cDNA was synthesized by the Gubler-Hoffman method using a NotI-oligo(dT) primer, ligated to an EcoRI linker, digested with the restriction enzyme NotI, and then cloned into a phagemid vector. The rat striatum directional cDNA library was constructed in pT7T3D l8U NotI/EcoRI/BAP (Pharmacia), and used for preparing the target. The rat cerebellum directional cDNA library was constructed in a second phagemid vector, pGEM I I Zf( -) (Promega, Madison, WI), and used to prepare the driver. The directional cloning vector pGEM I lZf(-) was prepared for cloning by double digestion with Not1 and EcoRI restriction endonucleases and dephosphorylation with calf intestine alkaline phosphatase (Boehringer Mannheim, Indianapolis, IN), and was spun through a Sephacryl S-400 column (Pharmacia) to remove the small NotI-EcoRI fragment.
Rat cerebellum and hypothalamus cDNA libraries were constructed in the pT7T3Dl8U
NotI/EcoRI/BAP by the same method as for the rat striatum cDNA library construction, and used for preparing a cDNA probe for differential screening of the subtracted cDNA library or for cDNA library-southern blot analysis, as described below. Each cDNA-vector preparation was transfected into strain MC 106 I cells by a high-voltage electroporation method (Dower et al., 1988) and amplified in liquid media under ampicillin selection. Based on the number of ampicillin-resistant colonies before amplification, the number of recombinants in each library was estimated to be approximately IO". Random picking of the colonies of each library showed that almost all the clones contain a cDNA insert. Phagemid DNAs from each directional cDNA library were prepared by standard alkaline lysis followed by the purification using equilibrium centrifugation in CsCl-ethidium bromide (Sambrook et al., 1989) .
Procedure for directional tag PCR subtraction. Specially designed target cDNA was prepared by the following procedure (outlined in Fig.  IA) . The rat striatum directional cDNA library DNA in the pT7T3D vector was linearized by digestion with NotI: Sense-strand striatum cRNA was synthesized in vitro with T7 RNA polymerase from the digested DNA using an RNA transcription kit (Stratagene, La Jolla, CA). After the template DNA was removed with RNase-free DNase, the RNA product was purified with a Nuctrap push column (Stratagene). Antisense striatum cDNA was then synthesized with M-MLV reverse transcriptase (GIBCO-Bethesda Research Laboratory, Gaithersburg, MD) from I rg of the cRNA product using the NotI-oligo(dT) primer (5'-A ACTGGAAGAATTCGCGGCCGCAGGAATTTTTTTTTTTTTTT-TTT-3'; Pharmacia). A trace amount of a-"P-dCTP was included in the reaction mixture to allow later quantification of the cDNA target after subtraction. The product was treated with alkali to hydrolyze the RNA template (Sambrook et al., 1989 ) and the resulting antisense cDNA was used as the target for subtractive hybridization. This striatum cDNA target has tag sequences at both its 5' and 3' ends. The 5' tag sequence corresponds to the NotI-oligo(dT) primer, whereas the 3' tag sequence corresponds to the polycloning site of the pT7T3D vector. These tag sequences are used for amplification of the target cDNA after the subtraction procedure.
The driver for the subtraction was prepared as follows (Fig. IS) . The directional cerebellum cDNA library constructed in pGEMl lZf(-) was linearized with the restriction enzyme HindIII, and sense-strand cerebellum cRNA was transcribed with T7 RNA polymerase. After the template DNA was removed with RNase-free DNase, the RNA product was purified with a Nuctrap push column and used as driver for subtractive hybridization. The RNA driver has a short tag sequence in the 5' end that corresponds to the polycloning site of the pGEMl lZf(-) vector, but there is no possibility of cross-hybridization with the tag sequences in the target, because the sequence of the polycloning site in pGEM I I Zf(-) is unrelated to that in the pT7T3D vector.
The trace-labeled antisense striatum cDNA target (synthesized from I fig of the striatum sense cRNA) was mixed with 20 pg of the sense cerebellum cRNA driver in IO ~1 of hybridization buffer containing 0.5 M NaCI, 50 mM HEPES (pH 7.6), 2 mM EDTA, and 0.2% SDS. The samples were overlaid with 50 ~1 of mineral oil, boiled for 90 set, and then incubated at 68°C for 24 hr in 500 ~1 Eppendorf tubes. Under these conditions, C,t values (corrected to standard salt conditions) of >2000 were obtained (Britten et al., 1974) . After the incubation, the sample was extracted with chloroform and phenol, precipitated with ethanol, and dissolved in 500 ~1 of 50 mM phosphate buffer (PB), pH 6.6, containing 0.2% SDS. The sample was then loaded onto a jacket column (Bio-Rad, Richmond, CA) maintained at 60°C containing I ml of hydroxylapatite (DNA grade Bio-Gel HTP, Bio-Rad) that was equilibrated with 50 mM PB/O.2% SDS. After the column was washed with 6 ml of 50 mM PB/0.2% SDS, the single-stranded cDNA was eluted with 6 ml of 120 mM PB containing 0.2% SDS, and the cDNA hybridized with the driver RNA was eluted with 6 ml of 400 mM PB/0.2% SDS. The single-stranded target cDNA was concentrated and desalted with Centricon-30, precipitated with ethanol, and incubated again with 20 Kg of the cerebellum cRNA driver for the second round of the subtraction. The sinele-stranded target cDNA eluting in I20 mM PB fraction of the second hydroxylapatitecolumn was passed through Centricon-30, treated with 0.36 M NaOH for 30 min at 68°C to hydrolyze the RNA driver, precipitated with ethanol, and used as a template of PCR.
The subtracted cDNA target was amplified by PCR using the primers specific to the tag sequences in the target (5'-AACTGGAA-GAATTCGCGG-3'
and 5'-AGGCCAAGAATTCGGCACGA-3'). The PCR was performed in a 100 ~1 volume in a Perkin-ElmerKetus Thermal Cycler, using a buffer containing 6.7 mM Tris-HCI, pH 8.8, 16.7 mM ammonium sulfate, 6.7 mM MgCI,, 5% dimethyl sulfoxide (DMSO), 0.01% gelatin, 100 PM of each dNTP, 0.8 PM of each primer, and 2 U of Taq polymerase (Perkin-Elmer/Cetus, Emeryville, CA). The 30-reaction cycle consisted of denaturation at 94°C for I5 set, annealing at 60°C for I5 set, and elongation at 72°C for 1 min.
To construct the striatum-minus-cerebellum subtracted cDNA library, the amplified cDNA product was digested with Not1 and EcoRI (which cleave within the tags), separated from primers and the flanking sequences with a Sephacryl S-300 spin column, and ligated into the pT7T3D EcoRI/NotI/BAP. Dot blot analvsis usinp the subtracted cDNA orobe. The sinale-stranded striatum cDNA target from the second round of the subtraction was used to prepare a cDNA probe. The subtracted cDNA was labeled by the PCR using the same conditions as described above for the subtracted cDNA library construction, except nucleotide concentration: 100 PM of each dGTP, dATP, dTTP, IO PM of dCTP, and 16.7 pmol of &'PdCTP (3000 Ci/mmol; New England Nuclear). The labeled, amplified cDNA fragments were purified from unincorporated label with a Sephadex G-50 spun column, and then used as a probe for dot blot analysis to examine the effectiveness of the subtraction. Plasmids containing cDNA inserts of RC3, CPul, lG5, NSE (neuron-specific enolase), or cyclophilin (Forss-Petter et al., 1986; Danielson et al., 1988; Watson et al., 1990 Watson et al., , 1992 Godbout et al., 1993) or vector with no insert, were spotted in fivefold dilutions on nylon filters and the filters hybridized with the subtracted striatum cDNA probe. As a control, the dot blot filter was hybridized with an unsubtracted striatum cDNA probe, which was amplified and labeled by PCR from the unsubtracted striatum target using the same conditions as those used for preparing the subtracted cDNA probe.
D@erential screening of the subtracted cDNA library. An aliquot of the subtracted cDNA library was transfected into competent cells and individual transfectants were picked onto nylon filters from which replicas were prepared. Each filter was hybridized with a cerebellum cDNA probe, an unsubtracted or the subtracted striatum cDNA probes. The subtracted and unsubtracted striatum cDNA probes were prepared by PCR as described above. The cerebellum cDNA probe was prepared by the same method as the striatum cDNA probes from a directional cerebellum cDNA library constructed in the pT7T3D vector. The filters were hybridized with an equal number of radioactive counts for each probe in 50% formamide at 42"C, and washed at a final high stringency of 0.2 x SSC (I x SSC is 0. I5 M NaCI, 0.015 M sodium citrate) and 0.2% SDS at 68°C.
Rapid conJirmation ofmRNA distribution by cDNA library blot analysis. A cDNA library-southern
blot method was used to analyze the expression patterns of candidate clones selected by the differential screening of the subtracted cDNA library. Amplified DNAs from the rat striatum, cerebellum, and hypothalamus cDNA libraries, each of which was constructed in the pT7T3D vector, were digested with the restriction enzyme HaeIII, separated by electrophoresis on a I .2% agarose TBE gel, and transferred to nylon filters. Each filter was hybridized with a cDNA probe prepared from an individual candidate clone. To prepare the probes, miniprep plasmid DNAs were prepared by the boiling method (Sambrook et al., 1989 ) diluted IOOO-fold, and used as a template for a PCR. Each cDNA insert was amplified using primers corresponding to the sequences adjacent to the NotI-and EcoRI-cloning sites of the pT7T3D vector (5'-AGGCCAAGAATTCGGCACGA-3' and 5'-AGGATCCGCGGCCGCAGGAA-3').
The PCR was performed in a volume of 20 /II with 100 PM of d(A,G,T)TP, IO PM of dCTP, and 3.3-6.6 pmol (l-2 ~1) of &"P-dCTP (3000 Ci/mmol; New England Fi@re 2. Dot blot analysis to access the effectiveness of the subtraction. The filter on which several plasmid DNAs were spotted in serial fivefold dilutions (100-0.8 ng) was hybridized with the control unsubtracted probe (A) or subtracted cDNA probe (B). The spotted plasmids have a cDNA insert of RC3, CPul, lG5, NSE, or cyclophilin. Plasmid vector without cDNA insert was also spotted as a control.
Nuclear), using 30 cycles of 15 set at 94"C, 15 set at 68°C and 1 min at 72°C. The cDNA probes were purified from unincorporated label with Sephadex G-SO spun columns and used for hybridization. After the hybridization in 50% formamide at 42°C the filters were washed in 0.2 x SSC, 0.2% SDS at 68°C. Northern blot anal.ysis. PolyA-selected RNA (2 bg) from different rat brain regions and several peripheral tissues were separated by electrophoresis on a 1.5% agarose gel containing formaldehyde, transferred to nitrocellulose filters, and hybridized with the cDNA probes prepared from candidate clones. The cDNA insert from each candidate clone was labeled with ol-"P-dCTP by PCR as described above, and the hybridization was performed in the same condition as described in the differential screening of the subtracted cDNA library.
Nucleotide sequence analysis. Nucleotide sequences were determined by the dideoxy chain termination method with cu-Yj-dCTP, using the Sequenase 2.0 kit (U.S. Biochemical, Cleveland, OH) and primers corresponding to vector sequences flanking the cDNA inserts. The EMBL database was searched with the nucleotide sequences of the striatumenriched cDNA clones using the FASTDB program (Brutlag et al., 1990) .
In situ hybridization. In situ hybridization analysis was performed essentially according to the method described previously (Gall and Isackson, 1989; Erlander et al, 1993) . Coronal sections, 25 ym thick, from adult Sprague-Dawley rats were hybridized at 55°C for 16 hr with 'Slabeled single-stranded RNA probes at IO' cpm/ml. Free-floating sections were treated with RNase A at 4 pg/rnl at 37°C for 1 hr, and washed in 1 x SSC (15 rnM NaCI, 1.5 mM Na citrate), 50% formamide at 55°C for 2 hr. Final stringency washes were in 0.1 x SSC at 68°C for 1 hr. Sections were mounted on coated slides, dehydrated, and exposed to Kodak XAR film for 5 d at room temperature.
Results
Construction qf directional cDNA libraries and directional tag PCR subtraction To isolate clones of mRNAs enriched in the striatum, we followed the procedures described in the Materials and Methods section and shown schematically in Figure 1 to construct a rat striatum cDNA library directionally cloned in the T7 RNA expression vector pT7T3DlH-J and a rat cerebellum cDNA library directionally cloned in a different T7 RNA expression vector, pGEM 1 lZf(-).
T7-driven cRNA transcripts from the linearized striatal library were used as template for reverse transcription in the presence of trace amounts of radioactive nucleotide triphosphate, using as primer the same NotI-oligo(dT) oligonucleotide used to construct the initial cDNA library. The labeled cDNAs were hybridized with a 20-fold excess of cRNA transcribed from the cerebellum library. After extraction and precipitation, single-stranded (unhybridized) cDNA was separated from double-stranded (hybridized) cDNA by hydroxylapatite chromatography. After the first hydroxylapatite column, 1.5% of the input striatum cDNA (as monitored by the radioactive tracer) eluted in the single-strand fraction. This material was subjected to a second hybridization with driver, after which 30% eluted in the double-strand position from a second hydroxylapatite column. Thus, 90% of the input target was removed by the two cycles of subtraction. The remaining target cDNA was amplified by PCR, using as primer sites the tag sequences added by the initial cloning steps, and an aliquot was cloned.
Subtraction procedure increases the speciJic activity of striatum-enriched sequences To assess the effectiveness of these steps, the information content of the subtracted, amplified target cDNA was examined by dot blot analysis. Plasmid DNAs corresponding both to mRNAs expressed in striatum, but not cerebellum (RC3, CPul, lG5), and to mRNAs expressed equally in striatum and cerebellum (NSE, cyclophilin), as well as vector with no insert, were spotted on nylon filters and hybridized with PCR-generated cDNA probes made from the unsubtracted and subtracted cDNA target preparations. When the filter was hybridized with the unsubtracted striatum cDNA probe, strong signals were detected in the plasmids containing the cDNA inserts of cyclophilin, NSE, and RC3. The signal for CPU 1 was weaker than these three, and the Group A includes cDNA clones that have been previously characterized and used to access the effectiveness of the subtraction. RC3, CPul, and lG5 mRNAs are expressed in the striatum but not in the cerebellum, whereas cyclophilin mRNA is expressed ubiquitously in the brain. Group B includes cDNA clones that were isolated by the directional tag PCR subtraction.
signal for lG5 was weakest among five cDNA clones ( Fig. 2A) . No signal was detected with the vector. These signal intensities are reasonable as judged by the relative concentrations of the corresponding mRNAs. When the filter was hybridized with the striatum-minus-cerebellum subtracted cDNA probe, the signals for RC3, CPU 1, and lG5 clearly increased, while the signals for NSE and cyclophilin decreased to background levels (Fig. 2B ).
This result clearly demonstrated that our subtraction worked well in that the specific activity ofthe subtracted probe increased for sequences enriched in the target but greatly decreased for sequences shared between target and driver. The subtracted striatum cDNA target was amplified by PCR using the primers specific for the tag sequences, and cloned into the pT7T3D vector after digestion with Not1 and EcoRI, which cleave within the primer sequences. The frequencies of clones corresponding to RC3, CPul, 1 G5, and cyclophilin were measured in the subtracted cDNA library and in the unsubtracted target library, which had been constructed in the same vector.
Colony lifts from the unsubtracted control cDNA library and the subtracted cDNA library were hybridized with "P-labeled A B cDNA insert of each clone. The frequencies of RC3, CPU 1, and lG5, which are expressed in the striatum but not in the cerebellum, significantly increased in the subtracted library compared with in the control library (Table 1 , group A). On the other hand, the frequency of commonly expressed cyclophilin dramatically decreased in the subtracted cDNA library.
Djferential screening qf the subtracted cDNA library yields striatum-spec@ clones The subtracted cDNA library and the subtracted cDNA probe were used together to isolate cDNA clones of novel "striatumspecific" mRNAs. Because the results shown in Table 1 , group A, demonstrated that clones of some known "striatum-specific" mRNAs were enriched in the subtracted striatum cDNA library to relative concentrations of >O. l%, we initially analyzed only a small number of clones by differential screening. We picked and arrayed 430 clones randomly from the subtracted striatum cDNA library and hybridized replica filters with the subtracted striatum, the unsubtracted striatum, or the unsubtracted cerebellum cDNA probes. The signals in this low-density screening C FIgwe 3. Differential screening of the subtracted striatum cDNA library.
Clones from the striatum-minus-cerebellum subtracted library were picked and arrayed to make replica filters. Each filter was hybridized with unsubtracted cerebellum cDNA probe (A), unsubtracted striatum cDNA probe (B), or striatum-minus-cerebellum subtracted cDNA probe (C). (lane 3) were digested with the restriction enzyme HaeIII; the digests were separated by electrophoresis on agarose gels and transferred onto nylon filters. Each filter was hybridized with cDNA probe prepared from candidate clones selected by the differential screening of the subtracted cDNA library.
were clear, and there was no chance of erroneous picking of the candidate clones (a difference from high-density screening of an unsubtracted cDNA library with a subtracted cDNA probe). The signal pattern of the unsubtracted striatum probe (Fig. 38 ) was similar to that of the unsubtracted cerebellum cDNA probe (Fig. 3.4) : only a few clones showed stronger signal with the striatum probe than with the cerebellum probe. However, when the filter was hybridized with the striatum-minus-cerebellum subtracted cDNA probe (Fig. 3C) , many clones showed clearly stronger signals than with the unsubtracted cDNA probes. These clones were considered as candidates for clones of striatumspecific mRNAs. A few of the clones gave signals with all three probes, indicating either that subtraction had not worked for the corresponding sequences, possibly because of their higher initial concentrations in striatum compared to cerebellum, or that the high relative specific activities of the probes for these sequences are an artifact of their preferential amplification during the PCR steps used in amplification of the subtracted cDNA and in probe generation. Of the 430 clones analyzed, 40 clones (group I) showed clearly increased signals with the subtracted striatum cDNA probe compared with the unsubtracted striatum probe, and none of these were detected with the cerebellum cDNA probe. Additionally, about 30 clones (group II) showed weak but increased signals with the subtracted striatum probe relative to the unsubtracted striatum cDNA probe, with which the signals were background level.
After excluding four RC3-homologous clones by hybridization of the filters with an RC3 probe, we selected 15 clones randomly from the 40 group I clones and nine clones from the 30 group II candidates. The cDNA inserts of several group I clones were labeled with a-"P-dCTP and used as a probe for hybridization with the filters to detect overlapping clones. This cross-hybridization analysis revealed that the 15 group I clones represented eight independent families, and that seven of the nine group II clones also represented independent families. A representative of each of the 15 independent families (eight group I and seven group II candidates) was further analyzed by cDNA library-Southern blot analysis.
Regional and cellular expression patterns of striatal-spec$c cDNAs As a preliminary step for elucidating the expression patterns of the mRNAs corresponding to the candidate clones, we performed cDNA library-Southern blot analysis. Although the details of the method (described in the Materials and Methods)
have not yet been rigorously optimized, it has proven to be a rapid, inexpensive way to examine candidates that does not consume additional quantities ofpolyA+ RNAs. The 3'P-labeled cDNA inserts from the 15 candidate clones were used as probes for hybridization to filters displaying HaeIII digests of the striaturn-pT7T3D, cerebellum-pT7T3D, and hypothalamuspT7T3D cDNA libraries. Most candidate probes showed clear differences, discriminating between the striatum and cerebellum cDNA digests (Fig. 4B-F) , although some candidate clones did noi show a difference (Fig. 4A) . Among the 15 candidate clones, six ofthe eight group I clones (75%) and three ofthe seven group II clones (43%) showed clear differences in the striatum and cerebellum cDNA digests. Several clones produced a signal with the striatum cDNA digest, but with neither the cerebellum nor hypothalamus cDNA digests (Fig. 4C,D,F) , suggesting an expression pattern restricted to the striatum.
Subsequently, these nine definite candidate clones were an- Not shown F C cDNA clones designated as "striatum enriched" (SE) were selected (except for clone SE23B) from the plate whose autoradiographs are shown in Figure 3 [positions are identified by (horizontal) row and (vertical) column] and then used for cDNA library Southern blotting (Fig. 4A-F) and Northern blotting (Fig. 54-D) .
alyzed by Northern blot assay to confirm their expression patterns and to learn their patterns in other brain regions and peripheral tissues. All nine clones selected by the differential screening and the cDNA library-Southern blot analysis showed clearly stronger signals with RNA from striatum than from cerebellum. Several RNAs showed very restricted expression pattern in the striatum of the brain, as suggested in the cDNA library-Southern blot analysis. Striatum-enriched-7D (SE7D) hybridized to an RNA expressed prominently in striatum (Fig. 5 .4) but detected in other brain regions at much lower concentrations, and only extremely faintly in the cerebellum and peripheral tissues. SE6C detected a target in the striatum, and only weakly in other brain areas and peripheral tissues (Fig. 5B) after long exposure. SE23B also showed a very restricted expression pattern to the striatum (Fig. 5C ), similar to SE6C. SE7E was expressed most abundantly in the striatum and more weakly in the thalamus and hypothalamus (Fig. 5D) . The relationships between the clones examined in the studies shown in Figures 3-5 are indicated in Table 2 .
The expression patterns of some mRNAs of newly isolated cDNA clones were examined in more detail by in situ hybridization analysis. Prominent expression of the mRNA of the SE7D clone was demonstrated in several areas of the striatum: caudate nucleus, putamen, and olfactory tubercle. Additionally, the SE7D mRNA was detected in dentate gyrus of the hippocampal formation and piriform cortex (Fig. 6A) . Hybridization signals were also observed in all areas of the neocortex, and less intense signals were detected in the thalamus and hypothalamus. The SE6C mRNA was also prominently detected in caudate nucleus, putamen, and olfactory tubercle. Additionally, significant SE6C hybridization was detected in the CAI, CA2, and CA3 regions of the hippocampus and parietal cortex (layers II, III, IV, and VI) (Fig. 6B) , which was not detected by Northern blot analysis. Therefore, the expression pattern of the SE6C mRNA is similar to that of the SE7D mRNA, as both mRNAs are prominently expressed in several areas of the striatum; however, it is distinct in the hippocampus and cortex.
DNA sequence ana& qf striatal-specijic cDNAs The nucleotide sequences of the clones of striatum-enriched mRNAs were determined by dideoxy chain termination method, and the GenBank and EMBL databases were searched with their nucleotide sequences. All the candidate clones correspond to 3'-noncoding regions, because the first-strand cDNA was synthesized with NotI-oligo(dT) primer, and most of the cDNAs were relatively short (about 300 nucleotides average length). Nevertheless, the sequences were sufficient to determine wheth- er the clones corresponded to previously reported sequences. The sequence from the SE7D clone was identical to that of a calmodulin-dependent phosphodiesterase (Polli et al., 1992) . The sequence of SE7E corresponded to a previously described transcriptional regulatory protein (Imataka et al., 1992) . However; about half of the determined sequences, including those of SE6C and SE23B, showed no significant homology with any sequences in the EMBL database. The data on nucleotide sequence and Northern blot analyses of the striatum-enriched clones are summarized in Table 3 .
Clones sf both prevalent and rare mRNAs are detected Colony lifts from the unsubtracted control and the subtracted cDNA libraries were hybridized with xZP-labeled cDNA insert of the newly identified SE7D, SE6C, SE23B, and SE7E clones. As shown in Table I , group B, the frequencies of SE6C and SE7D (group I) clones remarkably increased in the subtracted striatum cDNA library, compared with the control library. We roughly estimated the frequencies of SE7E and SE23B (group II) clones in the original striatum cDNA library to be 0.01% or less. Their frequencies increased significantly in the subtracted cDNA library.
Discussion
Importance qf an improved subtractive cloning procedure Isolation of cDNA clones based on the distribution of their corresponding mRNAs is becoming more important for understanding the molecular mechanisms of physiological and patho- Figure 6 . Expression patterns of SE7D and SE6C mRNAs analyzed by in situ hybridization. Coronal sections at three levels of rat brain were hybridized with riboprobe prepared from SE7D (A-C) and SE6C clones (D-F). CPU, caudate-putamen; OT, olfactory tubercle; NC, neocortex; Act, nuclcus'accumbens; Pir, piriform cortex; DG, CAl, CA3, dentate gyrus, CA1 and CA3 regions of the hippocampus; GP, globus pallidus; Tha, thalamus; CC, cerebellar cortex; VC, ventral cochlear nucleus. Scale bars, 2 mm. logical phenomena for which very limited information about the target tissue (Miller et al., 1987; Travis et al., 1987 Travis et al., , 1988 ; the involved molecules exists. To isolate clones of differentially Yaswen et al., 1990; Jones et al., 1991) . Such a screen requires expressed mRNAs, subtractive cDNA cloning is the most ef-' the analysis of a large number of clones plated at high density, fective method available.
In many subtractive cloning apAs a result the signals are not always clear and many human proaches, a subtracted cDNA probe is prepared and used for errors in picking are unavoidable. screening of an unsubtracted cDNA library constructed from On the other hand, a subtracted cDNA library improves the Data show characterization of the striatum-enriched clones isolated by the directional tag PCR subtraction. Group I clones showed clearly increased signals and group II clones showed weak but increased signals with the subtracted cDNA probe compared with the control probes. "striatum specific," mRNA was prominently detected only in the striatum, and detected faintly or not detected in other brain regions. Enriched in striatum, mRNA was expressed abundantly in the striatum compared to the cerebellum; however, the mRNA was expressed in other brain areas. New sequences will be reported to GenBank when full-length clones are analyzed.
screening efficiency for isolation of clones of differentially expressed mRNAs, because these clones are enriched in the library and, therefore, a smaller number need to be analyzed, making low-density screening feasible. Construction of subtracted cDNA libraries has been difficult, although several procedures have been reported. These methods can be classified into the following three categories. The first is the so-called classical method in which subtracted cDNA fragments are converted to doublestranded DNA, ligated to linkers, and then cloned (Hedrick et al., 1984; Rhyner et al., 1986 Rhyner et al., , 1990 Zopf et al., 1987; Palazzolo et al., 1989) . This method is technically difficult because of the low mass of cDNA target after the subtractive hybridization. Second, in a more recent procedure, single-stranded phagemid DNA is used as target and is transfected directly after the removal ofthe hybridized target (Duguid et al., 1988 (Duguid et al., , 1989 Nordquist et al., 1988; Rubenstein et al., 1990; Swaroop et al., 199 1) . In these methods, the construction of the subtracted cDNA library is relatively easy. However, because of the low transfection efficiency of single-stranded phagemid DNA, only a small number of transformants are usually obtained. Another disadvantage of these methods is that, because there is no labeling of the target, quantitation of the effectiveness of the subtraction is difficult. The third category includes the PCR-based methods, in which subtracted cDNA fragments are amplified by PCR and then ligated into a vector. This approach avoids the limitations of the former two categories. In previously reported PCR-based methods, the primer-binding site is either ligated to a subtracted cDNA'target (Timblin et al., 1990) or added by terminal transferase in the form of a polydeoxyguanidine tail (Zaraisky et al., 1992) . Again, linker ligation to the subtracted cDNA poses a technical challenge because of the very low mass of the target after subtraction. On the other hand, anchor PCR using the dG tail for priming has the possibility of nonspecific interaction during hybridization and nonspecific amplification during PCR due to GC-rich sequences in the target. These limitations suggested a need for more dependable procedures.
Characteristics sf the directional tag PCR subtraction
We developed an alternative procedure for constructing a subtracted cDNA library. Some of its important features are also present in the method described briefly by Klar et al. (1992) . Our method uses a specially designed cDNA target and an RNA driver prepared in vitro from the directional cDNA libraries, avoiding the disadvantages of the previous PCR-based procedures. Linker ligation is not necessary after the subtraction because the target cDNA already contains tag sequences for the PCR and the cDNA target does not have GC-rich sequences such as those in a poly(dG) tail. The procedure has another important feature: there are no sequences in common between the vector-derived portions of the target and driver transcripts. Furthermore, because the driver is RNA, it is easily eliminated after the hydroxylapatite column and thus is not artifactually included after the subtraction. Using cRNA as driver prohibits the use of PERT, by which high C,t values can be obtained, but that did not prove disadvantageous in our study. Because the product of the procedure is PCR amplifiable, it is replenishable and can be used to verify the extent of subtraction, and could be recycled and subtracted with a driver prepared from yet another tissue source so as to add a second dimension of selectivity. The amount of radioactive isotope utilized is drastically less than with procedures in which the probe is labeled before subtraction.
Another advantage of the method is that both the target and the driver are prepared from directional cDNA libraries, thus only l-2 pg of polyA+ RNA are required from the target and driver tissues. This characteristic may be important when large amounts of polyA+ RNA are hard to prepare from target or the driver tissues and opens possible applications to a number of biological or pathological problems. The cDNA library-Southern blot analysis, discussed below, is also useful for reducing the tissue requirement, as clones of differentially expressed mRNAs can be identified without consumption of additional polyA+ RNA once libraries have been prepared. We would like to point out the possibility of further refinements of these procedures: when combined with the PCR-based directional cDNA library construction and in situ hybridization analysis for the final confirmation of the distribution, an even greater reduction of the tissue requirement could be achieved, allowing studies when exceptionally small quantities of tissues are available (e.g., human biopsy materials, animal tissues of very early developmental stages, tissue punches, primary cultured cells, or even single cells). Despite its many advantages, users of the method should be cognizant of a few potential pitfalls. First, the method relies upon cDNA libraries that might not be exactly representative of initial mRNA concentrations. Second, PCR amplifications may not be uniform across the cDNA populations, leading to the isolation of false positive clones that are not actually enriched in the target tissue but are only enriched by the technique. Our false positive rate was quite low, as discussed below. Nevertheless, it is imperative that each product clone be considered as a candidate until the distribution of its corresponding mRNA is examined in the starting tissues. Limitations of the methodology due to the above considerations are minimized by the efficient screening procedures in the subsequent steps.
This directional tag PCR subtraction procedure was quickly adapted separately by two of the authors for use with different targets, and comparable results to those reported above were obtained; thus, the method is reproducible and should be portable because all of the reagents are commercially available.
Selection procedure,for candidate clones In this procedure, both subtracted probes and subtracted libraries can be prepared by PCR from the subtracted cDNA target. By screening a subtracted striatum cDNA library with a subtracted striatum cDNA probe, we efficiently isolated differentially expressed cDNA clones. We obtained 40 strong (group I) and 30 weak (group II) candidates from 430 clones from the subtracted cDNA library. Subsequent analysis revealed that 75% of the group I and >40% of group II clones showed clearly stronger signals in striatum than cerebellum. The high ratio of bona fide clones to false positives was greatly facilitated by the clear signals observed in the low-density differential screening step in which there is almost no possibility of human error in colony picking.
In our procedure, we used cDNA library-Southern blot analysis after the differential screening of the subtracted cDNA library. This step, which has not yet been subjected to rigorous optimization, has several advantages. More definite candidates can be selected before Northern blot or in situ hybridization analysis, which are generally more laborious tasks. The filters for this approach can be prepared without additional polyA+ RNA, and the probe can be prepared by PCR using miniprep plasmid DNAs as a template and only small quantities of radioactive nucleotides. The candidates can be screened at this stage for expression in other tissues. In our study, we examined whether the candidates were expressed in the hypothalamus, allowing us to identify clones of "striatum-specific" mRNAs, and our results correlated well to those later obtained by Northern blot analysis.
Unexpected number sf striatum-enriched mRNAs A precise estimate of the number of mRNAs that are "striatum specific" is not possible because we selected subsets of clones at a few stages of the analysis; however, rough calculations can be made. We initially screened 430 clones from a library made from amplified cDNA from which 90% of the mass had been removed by directional tag PCR subtraction, and detected 70 clones. Study of 24 of these showed they correspond to 15 families, of which nine hybridized to mRNAs clearly enriched in striatum over cerebellum. Three of these (SE7D, SE6C, and SE23B) mRNAs were expressed prominently in the striatum, and were detected only very faintly or not at all in other brain regions and peripheral tissues. These data suggest that approximately 1% of the polyA+ RNA mass corresponds to striatal species greatly reduced or absent from cerebellum, of which about a third are "striatum-specific."
It has previously been calculated (Milner and Sutcliffe, 1983 ) that roughly 30,000 mRNAs are expressed within the brain. The present study suggests that at least 300 have enriched expression within striatum, of which perhaps 100 may be highly restricted to that structure. Because species expressed at low concentrations constitute the largest portion of the molecular complexity, these numbers may be underestimates.
Nucleotide sequence analyses revealed that one of the newly isolated "striatum-specific" clones (SE7D) encodes a calmodulin-dependent phosphodiesterase (Polli et al., 1992) but two of the sequences (SE6C and SE23B) are novel. So far, only a few mRNAs have-been reported to be expressed in the striatum in a specific manner, including those encoding adenylyl cyclase type V (Glatt and Snyder, 1993) an LY subunit of the GTPbinding protein named G,,, (Herve et al., 1993) ; CPul, which encodes the G-protein subunit y7 (Watson et al., 1992, unpublished observations) ; the striatal-enriched phosphatase STEP (Lombroso et al., 1993) ; and the D, dopamine receptor (Fremeau et al., 1991; Moine et al., 1991) .
The mRNA corresponding to the SE7D clone, which encodes a calmodulin-dependent phosphodiesterase, was expressed in the striatum, dentate gyrus of the hippocampal formation, piriform cortex, and neocortex, which was not reported previously. That for SE6C was expressed in CA 1, CA2, and CA3 regions of the hippocampus and parietal cortex, in addition to in the striatum. Thus, despite strong similarities in expression, the differences observed suggest differences in the physiological functions to which the two relate. Our findings suggest that the striatum contains a large number of unique molecules, many of which appear to be related to signal transduction. Characterization of these will undoubtedly be important for understanding the striatum, which is involved in the control of movement and posture, is implicated in aspects of complex behavioral functions, and is a target for selective neuronal loss in some neurodegenerative disorders such as Huntington's disease.
Possible mechanisms qf striatum-specific gene eupression The SE7E mRNA encodes a transcriptional regulatory protein reported recently (Imataka et al., 1992) to bind to a GC box sequence and have a function similar to, but distinct from, Spl, the prototype'GC box-binding factor. This mRNA is expressed most abundantly in the striatum, weakly in the thalamus and hypothalamus, and faintly in other brain regions. This distribution suggests that SE7E may be involved in specific gene expression within striatum, perhaps contributing to the regulation ofthe cell-type-specific expression of some ofthe mRNAs detected here (SE7D, SE6C, SE23B) or previously (adenylyl cyclase type V, G,,,., D, dopamine receptor).
